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Edited by Beat ImhofAbstract We have previously shown that DNA can be trans-
ferred to phagocytosing cells via the uptake of apoptotic cells.
We report a model system that facilitates study of antigen pre-
sentation of genes transferred speciﬁcally via horizontal gene
transfer. Constructs were generated encoding the LacZ gene or
the inﬂuenza A nucleoprotein silenced by a STOP sequence
ﬂanked by two loxP sites. These reporter genes were demon-
strated to be silent in donor cells and become activated after
phagocytosis of Cre-expressing ﬁbroblasts or macrophages.
These results provide a model system for studying the inﬂuence
of horizontally transferred antigens on activation of the immune
system.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Apoptosis plays crucial roles in removing unwanted cells
during development and maintaining tissue homeostasis in
adults [1]. The rapid clearance of apoptotic cells is subse-
quently critically important in order to prevent necrotic disin-
tegration and an inﬂammatory response [2–4]. Previously, we
demonstrated that genomic DNA can be transferred to phago-
cytosing cells via the uptake of apoptotic cells [5–8]. The trans-
ferred DNA was found to be propagated if the recipient cell
lacked functional Chk2, p53 or p21, suggesting a role for
DNA damage signalling pathways in protection against repli-
cation of exogenous genomic DNA. In addition, uptake of
integrated copies of Epstein-Barr virus or human immunodeﬁ-
ciency virus DNA by antigen presenting cells has been demon-
strated [5,9]. In these cases, viral encoded genes were found to
be transferred to normal recipient cells and expressed but not
replicated. This raises the possibility that DNA from dyingAbbreviations: NP, inﬂuenza A nucleoprotein; FACS, ﬂuorescence-
activated cell sorting; MEF, mouse embryonic ﬁbroblasts; PBS,
phosphate buﬀered saline
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that may then express the DNA and activate an immune re-
sponse.
In this study we utilise the Cre-loxP recombination system to
demonstrate the activation of silent genes following horizontal
gene transfer. Use of this model system eliminates the potential
for antigen transfer via protein or mRNA.2. Material and methods
2.1. Plasmids
The vectors pSVLacZ (kindly provided by P. Flodby, Karolinska
Institutet) and pCCALL2-inﬂuenza A nucleoprotein (NP) contain a
stop sequence ﬂanked by two loxP sites. The LacZ gene is located after
the loxP-STOP-loxP sequence in the pSVLacZ construct. The
pCCALL2-NP construct was created by cloning the NP from the ori-
ginal pBK-CMV-NP construct (kindly provided by P. Berglund,
National Institutes of Health) into the pCCALL2 construct (kindly
provided by A. Nagy, University of Toronto). Cre is a site-speciﬁc
DNA recombinase, originally derived from bacteriophage P1, which
recognises the 34 bp site of loxP and eﬃciently catalyses DNA recom-
bination between pairs of these loxP sites [10]. In the absence of Cre
recombinase, the loxP-STOP-loxP sequence stays intact in each of
the vectors, thus blocking transcription completely. In the presence
of Cre recombinase, the loxP-STOP-loxP sequence is excised, leading
to transcription of downstream genes. The Cre-expressing vector uti-
lised in this study was pML78 (kindly provided by N-G Larsson, Kar-
olinska Institutet).2.2. Cells
Mouse embryonic ﬁbroblast (MEF) cells, macrophages isolated
from FVB/N b-actin-cre transgenic mice and MEF p53/ cells trans-
fected with pML78 (Lipofectamine 2000, Invitrogen, Carlsbad, CA,
USA) were used as recipient cells (b-actin-cre transgenic mice were
kindly provided by N-G Larsson, Karolinska Institutet). MEF cells
were cultured as previously described [7]. Human embryonic kidney
cells (HEK 293) were transfected with pSVLacZ and denoted HEK
293-LacZ. MEF p21/ cells were stably transfected with
pCCALL2-NP and used as donor cells. All animal experimentation
was conducted in accordance with accepted standards of humane ani-
mal care and was approved by the Animal Ethics Review Committee
of Karolinska Institutet.2.3. Isolation of mouse embryonic ﬁbroblasts
Dissection of embryos from pregnant female heterozygous b-actin-
cre transgenic mice and isolation of MEF cells was performed as
previously described [11]. DNA was isolated from the MEF cells
according to the manufacturer’s directions (QIAamp Blood Kit, Qia-
gen, Valencia, CA, USA) and genotyped by PCR. Primers used were:
cre1F: CAC GAC CAA GTG ACA GCA AT and cre1R: AGA GAC
GGA AAT CCA TCG CT. PCR settings used were: 95 C for 5 min,
95 C for 1 min, 53 C for 1 min and 72 C for 1 C min; 35 cycles;
72 C for 10 min.blished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the plasmids utilised in this study.
In both pSVLacZ, and pCCALL2-NP, a STOP sequence is ﬂanked by
two tandem loxP sites (a lox2-STOP-cassette) located between the
promoter and the gene of interest. pSVLacZ harbours a silent lacZ
gene located after the lox2-STOP-cassette (A). In this plasmid, Cre
recombination activates expression of the LacZ gene by the pSV40
promoter. pCCALL2-NP harbours the inﬂuenza A nucleoprotein (NP)
located after the lox2-STOP-cassette (B). Cre-mediated recombination
in this plasmid allows expression of the NP gene driven by the b-actin
promoter. pML78 encodes Cre recombinase driven by the b-actin
promoter (C).
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Thioglycollate peritonitis was induced by intraperitoneal injection of
0.5 ml sterile solution of thioglycollate medium in both cre positive and
cre negative b-actin-cre transgenic mice. Peritoneal macrophages were
then harvested from the ascitic liquid after intraperitoneal injection of
phosphate-buﬀered saline (PBS).
2.5. Gene transfer experiments
Cre-expressing MEF wild type cells and Cre-expressing MEF
p53/ cells were plated at a concentration of 1 · 106 cells per dish
in separate 10 cm Petri dishes. HEK 293-LacZ cells were dissociated
using trypsin and washed in PBS prior to incubating in fresh PBS for
24 h to induce apoptosis by nutrient depletion. Cells were then se-
lected by centrifugation and apoptotic donor cells were incubated
with Cre-expressing MEF wild type cells or Cre-expressing MEF
p53/ cells at a ratio of 5:1. As a negative control, MEF wild type
cells or MEF p53/ cells were used either as recipients or co-cul-
tured with living donor cells. To verify induction of apoptosis after
nutrient depletion another set of cells were treated the same way
and the redistribution of plasma membrane phosphatidyl serine was
measured using annexin V FLUOS (Roche, Basel, Switzerland)
according to the manufacturer’s protocol. Cells were washed in
PBS, pelleted by centrifugation and resuspended in incubation buﬀer
(10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 5 mM CaCl2) con-
taining 1% annexin V. The samples were incubated in the dark for
15 min prior to the addition of a further 400 ll of incubation buﬀer
and analysis using a ﬂuorescence-activated cell sorting (FACS) Cali-
bur ﬂow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
and Cell Quest software. The nutrient depleted donor cells were also
plated alone in complete medium for use in a clonogenicity assay and
monitored every day for two weeks to score for any surviving cells
that were able to form clones. After six days of co-culture, the
expression of b-galactosidase was analysed by ﬁxing the cells (0.7%
formaldehyde, 0.05% glutaraldehyde) and incubating with X-gal
(Sigma–Aldrich, St Louis, MO, USA).
To study the transfer of silent genes into professional antigen pre-
senting cells at shorter time points, we used the well-characterised viral
antigen, NP (a nuclear protein), instead of b-galactosidase (a cytoplas-
mic protein), in combination with DAPI staining, as NP oﬀers superior
quantiﬁcation of the number of DAPI and NP double positive cells.
However, b-galactosidase staining was still utilised in some experi-
ments in order to stain large numbers of cells, e.g. in 10 cm Petri dishes.
MEF p21/ cells stably transfected with pCCALL2-NP (MEF-NP)
were used as donor cells and apoptosis was induced by nutrient deple-
tion for 24 h. The apoptotic cells were co-cultured for 48 h with either
MEFcre cells or wild type MEF cells and macrophages positive or neg-
ative for Cre, respectively. Recipient cells were plated in 8-well cham-
ber slides and at indicated time points cells were ﬁxed with 4% freshly
prepared formaldehyde, permeabilised with Triton X100 (Sigma–Al-
drich) and NP positive cells detected by immunoﬂuorescent staining.
2.6. Antibodies
The antibodies utilised in this study were anti-b-galactosidase, pur-
chased from Biogenesis (Oxford, UK), monoclonal mouse anti-NP
(HB-65, a kind gift from H-G Ljunggren, Karolinska Institutet) and
anti-Cre, purchased from Covance (Princeton, NJ, USA).Fig. 2. Transient transfection of HeLa cells with either pSVLacZ or
pCCALL2-NP alone or in combination with the Cre-expressing
pML78 plasmid. Cells were immunostained with anti-NP antibodies
24 h after transfection. Co-transfection of pML78 with pSVLacZ or
pCCALL2-NP resulted in expression of b-galactosidase (A) and
inﬂuenza A nucleoprotein (NP) (B), respectively. No expression of b-
galactosidase or NP could be detected in control cells. Nuclei were
counterstained with DAPI. Size bar = 20 lm.3. Results
3.1. Silent loxP-STOP-loxP LacZ and inﬂuenza A
nucleoprotein constructs are activated by Cre recombinase
Constructs encoding either LacZ or NP silenced by a STOP
sequence ﬂanked by two loxP sites were utilised in this study
(Fig. 1A–C). Activation of the silent genes was veriﬁed by tran-
siently transfecting HeLa cells with either pSVLacZ or
pCCALL2-NP alone or in combination with the Cre express-
ing pML78 plasmid. Cells co-transfected with both pML78
and pSVLacZ expressed b-galactosidase protein (Fig. 2A),
whilst cells co-transfected with both pML78 plasmid and
pCCALL2-NP expressed NP (Fig. 2B). No expression of eitherb-galactosidase or NP was observed in untransfected cells or
in cells transfected with pSVLacZ or pCCALL2-NP alone
(Fig. 2B).
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gene occurs after phagocytosis of apoptotic cells
Primary Cre expressing MEFs and macrophages from mice
transgenic for cre driven by the b-actin promoter were isolated
for use as recipient cells. In addition, a Cre expression con-
struct was stably transfected into MEF p53/ cells. Cre
expression was veriﬁed by immunoﬂuorescent staining (data
not shown). Apoptosis was induced in donor cells by nutrient
depletion, which resulted in over 80% positivity for the apop-
tosis marker annexin V and 100% cell death as estimated by a
clonogenicity assay (Fig. 3A).
Apoptotic HEK 293-LacZ cells were added to wild type
MEF, MEFcre, MEF p53/ or MEF p53/ cre cells in
10 cm Petri dishes. The cells were cultured for 6 days after
which activation of loxP-silenced LacZ was analysed by anal-
ysis of b-galactosidase expression. Single cells positive for b-
galactosidase were detected in co-cultures of HEK 293-LacZ
apoptic cells with MEFcre cells, whereas MEF cells not
expressing Cre were negative for b-galactosidase (Fig. 3B). In
addition, co-culture of MEFcre cells with living HEK 293-
LacZ cells did not result in activation of LacZ activity
(Fig. 3B). b-galactosidase positive foci were identiﬁed when
the HEK 293-LacZ apoptic cells were co-cultured with MEF
p53/ cre cells (Fig. 3C). The expression of b-galactosidase
in the foci suggests that the Cre-expressing MEF p53/ cells
are not only able to activate the silent LacZ gene after phago-
cytosis, but are also able to propagate transforming genes. The
frequency of gene transfer (0.6 per 2000 cells in MEFcre and
1.0 per 2000 cells in MEFp53/cre) was similar to that pre-
viously reported (Fig. 3D) [6].
3.3. Kinetics of Cre-activation of transferred genes
In order to assess whether a known viral antigen could be
transferred via horizontal gene transfer, MEF cells transfected
with the pCCALL2-NP construct were utilised as donor cells.
Using immunoﬂuorescent staining with NP speciﬁc antibodies,
activation and expression of NP protein could be demon-
strated after 24 h of co-culture (Fig. 4A and B). The highest
frequency of NP positive cells (11.0 per 2000 cells) was deter-
mined to occur after 24 h of co-culture (Fig. 5).Fig. 3. Stable transfection of the pSVLacZ plasmid into HEK 293 cells
(HEK 293-LacZ). Apoptosis was induced by nutrient depletion and
the donor cells stained for annexin V and analysed by ﬂuorescence-
activated cell sorting (FACS). Donor cells were plated separately and,
when scored in a clonogenicity assay, no viable cells could be detected
(A). Nutrient depleted donor cells were incubated with mouse
embryonic ﬁbroblast (MEF) Cre positive cells or Cre expressing
MEF p53/ cells. After six days of co-culture, expression of b-
galactosidase could be detected both in wild type MEF cells that
expressed Cre and Cre expressing MEF p53/ cells (B and C). Co-
culture with wild type MEF cells resulted in single cells that expressed
b-galactosidase, whereas co-culture with MEF p53/ cells resulted in
both foci formation and expression of b-galactosidase. No expression
of b-galactosidase was detected in the control cells. The number of
positive cells from each co-culture experiment was scored in triplicate.
Each data point represents the mean plus standard deviation (D).4. Discussion
In this study the Cre-loxP recombination system was used to
examine whether a silent, inducible gene from an apoptotic cell
can become activated and expressed within a Cre expressing
cell after phagocytosis. Using two diﬀerent constructs contain-
ing silent genes, we demonstrated that normal cells are able to
express, but not propagate, horizontally transferred genes by
uptake of apoptotic cells. The foci formation seen after co-cul-
ture of HEK 293-LacZ and Cre positive MEF p53/ cells is
consistent with our earlier studies in which genes from trans-
formed cell lines were found to be transferred to and transform
the phagocytosing cell, as illustrated by inactivation of the p53
tumour suppressor gene (6, 7). Analysis of the expression of
activated genes after co-culture revealed that the maximum
level of transfer of genetic material occurred 24 h after addition
of apoptotic MEF-NP cells to MEFcre cells (i.e. 11.0 per 2000
cells), after which the number of positive cells declined to
approximately 1.0 per 2000 cells at 72 h. Similar amount of cells
expressing b-galactosidase (i.e. 0.6 per 2000 cells) were observedfollowing co-culture of HEK 293-LacZ cells and MEFcre cells
for 6 days. In previous studies, we observed that genes trans-
ferred from dying cells to phagocytosing cells can be
expressed for several weeks, but are eventually lost during
Fig. 4. Immunoﬂuorescent staining demonstrated expression of the
silent pCCALL2-inﬂuenza A nucleoprotein (NP) gene 48 h after co-
culture of apoptotic bodies from mouse embryonic ﬁbroblast (MEF)-
NP and Cre-expressing MEF cells (A), and in Cre-expressing macro-
phages (B). In control cells, NP could not be detected. Nuclei were
counterstained with DAPI.
Fig. 5. Analysis of the activation and expression of inﬂuenza A
nucleoprotein (NP) in Cre-expressing mouse embryonic ﬁbroblast
(MEF) cells after co-culture with apoptotic MEF-NP cells. NP
expression was detected in the cells by immunostaining at 24, 48 and
72 h after co-culture. The number of positive cells from each co-culture
experiment was scored in triplicate. Each data point represents the
mean plus standard deviation. The highest number of NP positive cells
was detected 24 h after co-culture, after which point the number of
positive cells decreased over time.
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anism for this remains unknown, in professional antigen pre-
senting cells, it appears that expression of horizontallytransferred genes, and thereby activation of the immune sys-
tem, may occur. Here we show that a silent gene from apoptotic
cells can become activated by the macrophages that engulf
these apoptotic cells, and that this results in expression of the
gene. Previous studies have shown that antigen presenting cells
are able to present NP from apoptotic bodies and thereby acti-
vate the immune system [12–14]. Whether or not this is due to
DNA or protein transfer has not been addressed.
Conﬂicting data has confounded eﬀorts to understand the
mechanisms of antigen presentation of apoptotic-derived pro-
teins by dendritic cells. The results of this study suggest that
further investigation of the transfer of genes, rather than pro-
teins, from dying cells to recipient cells both in vitro and
in vivo will improve our knowledge of antigen presentation
of apoptotic-derived proteins.
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